INTRODUCTION
The combination of many excellent material properties results in a widespread application of titanium. The request for speci®c demands is satis®ed by the versatile range of titanium alloys. The two main virtues of titanium are the unique strength to weight ratio and the good corrosion resistance. Further, titanium has a high melting temperature and can be used at temperatures up to H5508 with good fatigue, creep and toughness properties. At present, the main applications lie in the aerospace and steam turbine industry, but it is expected that the use of titanium will expand to other ®elds. This breakthrough will depend on the progress made in circumventing the disadvantages of titanium, namely its high friction and poor wear properties. This diculty can be tackled by applying a protective coating.
Several experimental methods can be applied for the production of a protective coating with high power lasers. In the case of laser embedding, two dierent processes can be used. The ®rst method is to pre-deposit the powder on the substrate [1] . The disadvantage is that the laser beam does not initially interact with the substrate material, but with the powder particles. In order to melt the substrate material, the heat has to be transported through the powder layer, which might result in the melting of the powder. Depending on thermophysical properties, new phases will grow from the melt which do not necessarily correspond with the original addition. The second method is the particle injection process during laser treatment [2±5] . Here, the laser beam primarily interacts with the substrate and to a lesser extent with the particles. The resulting microstructure is determined by several parameters, namely the positioning of the powder¯ow, the particle size, the particle velocity, and the amount of powder. Therefore, the relevance of these dierent parameters will be examined.
In this study, SiC particles are injected during laser melting of Ti±6Al±4V. The process of particle injection during laser processing is examined and appears to be very sensitive for small deviations in the amount of powder, the particle velocity and the positioning of the particle¯ow. Further the microstructural features of the various coatings are examined. In the case of SiC, the reactivity of titanium and the decomposition of SiC results in the formation of various phases. The phases are identi®ed with transmission electron microscopy (TEM), whereas the composition is determined by energy dispersive X-ray analysis (EDX).
EXPERIMENTAL PROCEDURES
The experiments were carried out with the use of a continuous wave 2 kW Ro®n Sinar Nd:YAG laser. The laser beam is guided by an optical ®bre with a diameter of 0.8 mm, which is also the minimum spot size. For the experiments the beam diameter amounted to H2±3 mm. The applied laser power was 1000 W and the scan velocities were in the range of 8±17 mm/s. Argon shielding gas was applied to prevent oxidation of the substrate. SiC particles were injected, with a particle size between 60 and 100 mm. Despite the fact that spherical SiC particles would be preferable, quite acute SiC particles were injected. The powder was supplied by a powder feeding apparatus (Metco 9MP). The applied powder feed was varied between 17 and 50 mg/s, with a deviation of 23 mg/s. The carrier ow amounted to 0.08 l/s. To get rid of the carrier ow, the powder was fed through a cyclone in which the carrier gas was removed by the carrier gas outlet. Ti±6Al±4V was used as the substrate material. The dimensions of the specimens were 40 mm in diameter and 5 mm in thickness. Before processing, the specimens were sand blasted to increase the absorption of the laser beam. Subsequently, they were ultrasonically cleaned.
After laser treatment cross sections were made by embedding the material followed by several polishing steps. Finally, the cross sections were chemically etched in a solution of 0.3% HF and 1% HNO 3 in demineralized water. The microstructure was examined with a Philips XL-30 FEG scanning electron microscope, equipped with an Energy Dispersive Xray detector (EDX) and the Electron Backscatter Diraction (EBSD) technique. Subsequently, a JEOL-4000EX/II transmission electron microscope was used to determine the dierent phases present in the meltpool. For mechanical testing, hardness measurements were performed with a Vickers hardness indenter.
Electron backscattering diraction involves the formation of diraction patterns in a manner ®rst described by Kikuchi in 1928. Kikuchi accounted the phenomenon to occur for electrons transmitting a thin crystal. The EBSD analysis makes use of a dierent geometry since the electrons are backscattered instead of being transmitted. Still the same explanation is valid for the appearance of Kikuchi patterns [6, 7] . The specimen detector geometry corresponds to the Philips integrated EBSD system. The electrons coming from above impinge on the specimen under an angle of 708. The phosphor screen with a diameter of 45 mm is positioned on the right, with a minimum distance of H20 mm, ensuring a solid angle exceeding 908. Furthermore, the distance from phosphorous screen to specimen can be changed. Behind the phosphorous screen a camera is mounted to record the pattern. The patterns are imaged with the use of a computer monitor, in which they are subsequently adapted in order to increase the image quality.
In fact, the symmetry of the EBSD pattern is a two-dimensional projection of the symmetry in three dimensions of the atomic arrangement within a crystal. Therefore, the obtained backscatter pattern contains crystallographic information concerning the crystal structure and the orientation of the analysed crystal. With the use of the Crystal Orientation Software (COS) it is possible to simulate the pattern obtained. In order to translate the orientations obtained to the specimen, the COS software provides a transformation matrix which relates the crystallographic direction to the specimen directions. This can be depicted by pole ®gure projections.
PARTICLE INJECTION PROCESS
Based on the model proposed by Rosenthal [8] , temperature pro®les are calculated to get an estimate of the shape of the meltpool in the direction of the laser beam. The calculations are performed for a laser beam with a homogeneous temperature distribution and Ti±6Al±4V was taken as the substrate material. The analytical model did not incorporate either melting or convection. From these calculations it appeared that: (i) the highest temperature is situated behind the middle of the laser beam and (ii) the meltpool is extended behind the laser beam. Actually, this means that the dissolution of the particles can be controlled by the positioning of the powder¯ow as depicted in Fig. 1 . Situation A will result in much more dissolution of the powder than B which is caused by the longer time spent in the meltpool. For the second case, some particles do not even cross the laser beam anymore, which might result in a considerable increase of the temperature.
Besides the positioning, the interaction time of the SiC particles with the laser is also determined by the particle velocity. Although the interaction time is in the order of milliseconds, there is a considerable increase in temperature due to the high absorption of SiC particles (H90%) at a wavelength of 1.06 mm. Furthermore, the particle size also in¯u-ences the temperature increase by its surface/volume ratio. The optimum injection velocity is found to be H1.2 m/s, resulting in a temperature increase of H20008C in the case of a SiC particle with a diameter of 80 mm, injected in the centre of the laser beam. The temperature is assumed to increase homogeneously through the particle and gas cooling is neglected. If relatively small dissolution with respect to the particle size is desired, large particles should be used. Another requirement is that the particle velocity should be large enough to reach the bottom of the meltpool. Note that the angle a should be large enough to prevent rebounding.
In the case of SiC injection an increase in the amount of particles results in a higher total absorbed laser intensity. As a consequence the dimensions of the meltpool will increase. However, too much powder may lead to cladding of SiC particles onto the substrate which yields a very rough laser track and shields the substrate from the laser radiation.
ELECTRON MIRCOSCOPY CHARACTERIZATION
By changing the position of the particle¯ow from behind to beyond the centre of the laser beam, there is a transition from modest dissolution to considerable dissolution of SiC particles. For the latter case this results in a meltpool ®lled with reaction products of Ti with Si and C. The following microstructural description applies to the situation where the particles are injected somewhat behind the middle of the laser beam. However, by changing the particle injection position, the presence and amount of the dierent microstructures can be controlled. Figure 2 shows the cross section of a laser track with embedded SiC particles. The depth of the laser track amounts to H0.5 mm. The particles are homogeneously distributed over the meltpool, where the volume increase due to the addition of SiC amounts to 10±15%. First, the change of microstructural composition of the matrix will be described. Second, the appearance of the reaction layer around the SiC particles, which is present under all injection conditions, will be studied in more detail. Conclusions concerning the phases present in the meltpool are mainly based on the combination of XRD measurements and EDX analysis, where in some speci®c cases TEM is used.
Matrix
As the SiC particles partially dissolve, the matrix composition changes. The matrix consists of various phases, where the percentage of each gradually changes as a function of depth. Figure 3 shows the structure near the bottom of the laser track. A eutectic structure is observed which surrounds grains of alloyed titanium. These Ti grains contain the alloying elements Al, V and Si and exhibit a lenticular martensitic structure. The eutectic lamellae consist of alternating Ti and Ti 5 Si 3 layers. This observation corresponds to the binary phase diagram of Ti and Si, since a eutectic is present at 13.7 at.% Si. Thus the solidi®cation starts with the formation of Ti grains followed by eutectic solidi®-cation. In the middle of the laser track TiC dendrites are randomly oriented and distributed over the laser track, as shown in Fig. 4 . This indicates that a reasonable amount of carbon is dissolved in the melt for this region. Furthermore, the amount of eutectic structure is increased. Near the top of the meltpool faceted Ti 5 Si 3 grains (Fig. 5) are situated, where the angles between the facets point to a hexagonal phase of Ti 5 Si 3 . In addition this region also contains a small amount of eutectic structure and TiC dendrites.
With TEM, we looked in more detail at the matrix in the upper part of the meltpool. Several Ti 5 Si 3 grains with a size of approximately 0.6 mm are observed, as depicted in Fig. 6 . The black particle in the image corresponds to a Ti 5 Si 3 grain which is oriented along its [0001] pole with d f1010g of 0.645 nm. In comparison with SEM observations these Ti 5 Si 3 grains are dierently shaped and have dierent dimensions. Therefore, these grains are expected to be part of the eutectic structure. In between these grains Ti needles are observed. Roughly, the Ti 5 Si 3 particles seem to be spherical, but a closer look reveals many facets.
As already mentioned, the microstructure can be controlled by changing the injection position. The laser particle injection process is performed for six dierent injection positions, starting from the middle, with step sizes of 0.3 mm towards the back of the laser beam (negative x-direction). All other laser parameters were kept constant. In the case of particle injection in the centre of the laser beam, the microstructure contains regions at the top of the track which almost completely consists of Ti 5 Si 3 and TiC cells. On the other hand it is found that the last laser track mainly consists of Ti grains surrounded by the eutectic structure, as shown in Fig. 3 . The intermediate laser injection position exhibits a smooth transition between these extremes. Similar eects of the dierent degree of dissolution can be obtained by increasing the scan velocity [9] . However, the laser power has to be increased to obtain the same track depth, which will increase the absorbed power by the SiC particles.
Hardness measurements are performed to determine the hardness of the dierent phases present in the laser track with SiC particles. The hardness of the substrate material Ti±6Al±4V amounts to 350 HV. The heat aected zone below the laser track exhibits an increase in hardness up to 400 HV. It must be mentioned that all other hardness indents are performed at composite structures. The hardness of the structure consisting of Ti grains surrounded by the eutectic structure, depicted in Fig. 3 , is measured to be H650 HV. This value increases with decreasing Ti grain size. The areas which mainly consist of Ti 5 Si 3 exhibit a hardness of 1100 HV. However, this value can be in¯uenced by the presence of TiC cells and dendrites. As the composition of the matrix changes with the particle injection position, it is possible to control the average matrix hardness in the range between 650 and 1100 HV. It is anticipated that the lowest value is preferable with respect to its ductile behaviour.
Reaction layer
The injected SiC particles are always surrounded by a reaction layer. At high temperatures, the SiC decomposes while both components form a new phase with Ti. With increasing reaction time or temperature, the thickness of the layer will increase, which results simultaneously in a decrease of the diameter of the remaining SiC particles. EBSD and EDX analysis indicate that the reaction layer mainly consists of TiC. In the case of TiN and TiC particle injection, there is no reaction layer present. The melting of these particles only results in the formation of TiC and TiN dendrites in the environment of the particle.
The reaction layer of TiC around the SiC particles is of special interest because it will determine the mechanical properties of the metal±matrix-composite (MMC), which will be described in Section 5. In principle, the reaction layer appears in two dierent ways, namely a cellular reaction layer and an irregular reaction layer, which can be observed in Figs 3 and 5 , respectively. The cellular reaction layer is relatively thin and very regularly shaped all around the particle. Furthermore, the layer is often well connected to the particle and exhibits minor porosity.
In order to obtain crystallographic information, the reaction layer is examined with the use of EBSD. This is shown in Fig. 7 , where the four EBSD patterns represent the orientation of the reaction layer at each side of a SiC particle. Along each side of a cellular reaction layer the pattern remains unchanged. Furthermore, a three-dimensional representation is given of the h100i directions with respect to the specimen axis. Although it is not known under which angle of inclination the surface of SiC is oriented, it is found that the cellular type of reaction layer always grows in the h100i direction nearly perpendicular to the SiC surface. The remaining h100i directions might give an indication of the angle of inclination of the sides of the SiC particle. A speci®c relation is not found between the orientation of SiC and the TiC reaction layers. Therefore, the preferred orientation of TiC is a growth phenomenon related to the steepest thermal gradient, as the thermal conductivity of TiC is maximum in the [100] direction. The three-dimensional representation exhibits only a slight change in orientation between the [100] direction perpendicular to the surface of grains B and C.
Examination of the irregular reaction layer with EBSD indicates that the reaction layer consists of TiC grains which are randomly oriented. In contrast to the cellular type, this type of layer is relatively thick. In addition large pore volumes are observed within the reaction layer, which can partially be explained by the volume decrease of H5% as a consequence of the formation of TiC. However, this only becomes important for solid state reactions. Sometimes, cracks arise in the thick reaction layers as a consequence of thermal stresses.
In order to study this type of reaction layer in more detail, CTEM and HRTEM examinations were carried out. Electron diraction analysis of the irregular reaction layer reveals the presence of another phase, namely Ti 3 SiC 2 . Although the symmetry in the diraction pattern of Ti 3 SiC 2 and 6H-SiC is equal, the c-lattice constant diers signi®-cantly (1.764 nm vs 1.509 nm) [10] . Figure 8 depicts an atomic resolution image of Ti 3 SiC 2 obtained by means of HRTEM, in which the inset shows the simulated pattern which is in good agreement. The atomic con®guration of Ti 3 SiC 2 exhibits the 8H-like structure. The ternary phase is found to be present as small plates around the spherical and randomly oriented TiC grains, as shown in Fig. 9 . In the literature, similar structures are observed for TiC and Ti 3 SiC 2 , obtained with a speci®c sintering process [11] . In most cases, a speci®c orientation relationship between the TiC grains and plates of Ti 3 SiC 2 is not observed. However, for one speci®c situation an orientation relation appeared to be present between TiC and Ti 3 SiC 2 . This is shown in Fig. 10(A) in which a Ti 3 SiC 2 plate is connected to a relatively large, spherical TiC grain, both being simultaneously viewed along a low-index zone axis. The TiC and Ti 3 SiC 2 are viewed along the h110i and h1120i, respectively. Based on chemical and geometrical considerations, the lowest interfacial energy occurs if the basal plane of Ti 3 SiC 2 is parallel to the (111) of TiC. TiC(111) consists of alternating closed packed planes of either Ti or C atoms, which are identical to the fully Ti or C basal planes as stacked in Ti 3 SiC 2 . Therefore, it is remarkable that the basal planes of Ti 3 SiC 2 are found to be aligned parallel to the elongated direc-tion of the plate, which implies the latter mentioned stacking does not occur. The TiC{111} and Ti 3 SiC 2 {0001} are found to be rotated over 58 2 0.58, with respect to each other. Instead, two other planes are found to be more or less parallel, i.e. the f111g TiC aaf1013g Ti3SiC2 and the f002g TiC aaf1014g Ti3SiC2 . An obvious reason for the parallelism of these planes is not found, also because the image does not reveal a clear and sharp interface. The reason for the orientation of the basal planes parallel to the surface of the plates and approximately perpendicular to the (macroscopic) surface of the TiC grain, might be the lower surface free energy of the close packed plane. However, it is anticipated that a more probable, but not independent reason is the growth direction during solidi®-cation. In that case the grains grow away from the TiC surface along the basal planes since these planes are probably the fastest growing. In Fig. 10(B) an adjacent Ti 3 SiC 2 plate is tilted in a strong diraction condition. It can be seen that the TiC grain contains stacking faults, on two sets of slightly inclined {111} planes. Furthermore, the former Ti 3 SiC 2 grain, on the left-hand side, exhibits a stacking fault being situated on the basal plane. It would be interesting to know how the stacking fault occurs with respect to the chemical composition of the basal planes in the crystal structure, in particular with regard to the possibility of Ti 3 SiC 2 deforming plastically [12] . Although all dierent phases in the laser track are known, the solidi®cation route is hard to determine because of both the absence of the ternary phase diagram over the complete temperature range and the non-equilibrium conditions. Nevertheless, it is possible to relate a certain area in the ternary phase diagram [13] , depicted in Fig. 11 , to a speci®c microstructural region in the meltpool. Additional information concerning the temperature can be derived from the binary phase diagrams. In principle we start from the condition in which only SiC and Ti are present, if we neglect the alloying elements. After partial decomposition or melting of SiC, the solidi®cation starts with the formation of the reaction layer. This situation corresponds with the region within the triangle in the Ti±Si±C phase diagram formed by TiC, SiC and Ti 3 SiC 2 . Based on the dierent solidi®cation structures of these layers, it is concluded that for the cellular layer the solidi®-cation front starts at the SiC surface. During growth of this layer Si is rejected, as EDX measurements do not indicate a signi®cant amount of Si. In the case of the irregular reaction layer the solidi®ca-tion starts in the melt nearby the particle. The aforementioned results from the random orientation of the TiC grains. In addition this can be explained by the dierence in melting temperature, which is higher for stoichiometric TiC (30678C) than for SiC (25458C). The presence of Ti 3 SiC 2 might be explained by entrapped Si, which is in solution and 
MECHANICAL PERFORMANCE
The mechanical performance of the MMC strongly depends on the properties of the interfacial region between the reinforcement and the matrix [14, 15] . A number of properties will be examined in more detail and possibly in correlation with the laser particle injection process. SiC particle injection into liquid Ti results in chemical reactions occurring at the interface, which might have detrimental consequences for the mechanical performance. Furthermore, high thermal stresses will be present in the modi®ed layer, as the MMC is cooled down from high temperatures. These stress concentrations play an important role in damage initiation. Finally, hardness indentations are performed to initiate cracks in the matrix close to the reaction layer in order to study the crack initiation and propagation behaviour at the interface region.
The majority of MMCs are non-equilibrium systems due to the presence of a chemical potential gradient across the interface. This means that under certain conditions diusion and/or chemical reactions will take place at the interface. These speci®c conditions concern the temperature and the interaction time. Under controlled circumstances the formation of a limited reaction layer might be desirable in order to obtain strong bonds. However, a thick reaction layer might detrimentally aect the composite properties. Therefore, it is extremely important to be aware of the in¯uence of the process conditions in order to produce MMCs by means of a laser for practical applications. The most commonly used method to obtain a chemical bonding is by means of a diusion welding process, while the layer thickness shows a parabolic dependence in time and can be estimated by lH Dt p [16, 17] . In the literature it is reported that the mechanical properties of a diusionally bonded Ti±SiC composite degrade for layer thicknesses above 1 mm [18] . However, this is not comparable with laser processing as the formation of the reaction layer mainly takes place when the matrix is in the liquid state. In principle this seems to be an uncontrollable situation also due to the convective¯ow in the meltpool. In particular the reaction of Ti with SiC exhibits a large thermodynamic driving force [19] . Nevertheless, it turned out to be feasible to minimize the reaction layer thickness by adjusting the particle injection position. If we compare the interaction time in diusional processes with that of the laser embedding process, it diers by several orders of magnitude. For diusional processes the interaction time is given in hours whereas in laser embedding it is given in seconds. If the length of the meltpool is 4 mm, the maximum time the SiC particles spend in the liquid Ti amounts to 0.44 s. By changing the injection position this interaction time will decrease.
The reaction layer thickness is found to decrease by changing the particle injection position towards the back of the laser beam in the negative x-direction, which is depicted in Fig. 12 . The values are obtained by taking the average of at least ten reaction layer thicknesses in the middle of the track. The general tendency is that the reaction layer thickness decreases. So the dierent appearance of the reaction layer is related to the time the particles spent in the liquid titanium and the processing temperature. In principle the thin reaction layers are of the cellular type, whereas the irregular type is present for the thicker reaction layer. This transition takes place around a thickness of 2.5 mm, but it must be mentioned that this is certainly not a sharp transition. In order to study the bonding between the TiC reaction layer and the SiC particle, hardness indentations are made to initiate crack formation in the matrix in the vicinity of the reaction layer. In the case of crack initiation, we examine the crack path through the reaction layer towards the SiC particle. The indents are obtained by means of a Vickers hardness tester with an applied load of 20 N. Although the applied force is constant, it must be mentioned that the crack propagation conditions all dier as far as the energy is concerned, due to the dierent matrix structures and the dierent distances between the pyramidal indent and the reaction layer. Besides the crack propagation behaviour these tests also reveal the crack initiation behaviour of the matrix material as the indents did not always result in crack formation.
Fracture of materials can be described, from an internal energy point of view, by the creation of free surfaces from bulk materials [20] . In the case of brittle materials, without stress concentrators or plastic deformation, this amounts to equating the release of strain energy to the energy required for creating free surfaces. The fracture toughness of SiC, TiC and TiN amounts to 2±5 MPa m 0.5 , whereas the value of Ti±6Al±4V amounts to 55± 120 MPa m 0.5 . The indents are made in the aforementioned set of laser tracks with six dierent particle injection positions, which resulted in two dierent types of reaction layers. In the case of the cellular reaction layer the initiated cracks are found to propagate straight ahead through the TiC reaction layer and to advance in the SiC particle without de¯ection at the interface, as can be seen in Fig. 13 . This is an indication of a good load transfer at the interface. Furthermore, there is no clear crack path observed in the matrix, which could have been only plastically deformed. The irregular reaction layer exhibits the crack to follow the pores, as shown in Fig. 14 . Two dierent phenomena are found to occur at the interface. In the ®rst case, the crack traverses the interface without signi®cant de¯ection. The second case shows the crack to de¯ect ®rst along the interface followed by penetration into the SiC particle. The latter situation is shown in Fig. 15 . The de¯ec-tion can be partially explained by the presence of pores at the interface. However, in between the pores the SiC and TiC are still detached from each other, which indicates that the interface exhibits locally poor bonding. This might be explained by the dierent growth conditions as this type of reaction layer grows from the melt towards the SiC particle, possibly resulting in a weaker bond than the situation where the cellular reaction layer grows from the surface of the SiC particle. If we consider the crack initiation in the matrix, this is found to occur depending on the matrix structure. In the case of high dissolution of SiC, which implies the presence of thick reaction layers, the indents often initiated cracks in the matrix. On the other hand for limited dissolution of SiC, which implies thin reaction layers, the indents just occasionally initiated cracks. This is caused by the dierence in yield stress of the microstructures. For regions containing large amounts of Ti 5 Si 3 and TiC cracks are initiated more easily than for regions with Ti grains surrounded by eutectic structures. Therefore, the latter matrix structure is favourable, due do its better capacity to relieve stress by plastic deformation.
CONCLUSIONS
The laser particle injection process appears to be very sensitive to the positioning of the powder injection, the interaction time of the particles with the laser and the amount of powder used. The possibility to change this in a controlled manner yields the possibility to vary the dissolution of the SiC particles and at the same time the composition of the matrix. The latter is very important because too much dissolution might result in a brittle matrix, which is undesirable with respect to the mechanical performance. In addition, the structure and properties of the reaction layer around the SiC particles changes for dierent injection positions. Crack formation induced by hardness indents indicates that the cellular reaction layer exhibits a better bond with the SiC particle than the irregular reaction layer. Experimental research presented in the literature indeed con®rms that both materials might develop very strong bonds, which is important for the mechanical performance [21, 22] .
